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ABSTRACT 
Orbital angular momentum (OAM) of graphene electrons in a perpendicular magnetic field is calculated 
and corresponding magnetic moment is used to investigate the magnetism of perfect graphene. Variation in 
magnetization demonstrates its decrease with carrier-doping, plateaus in a large field, and de Haas-van 
Alphen oscillation. Regulation of graphene’s magnetism by a parallel electric field is presented. The OAM 
originates from atomic-scale electronic motion in graphene lattice, and vector hopping interaction between 
carbon atomic orbitals is the building element. A comparison between OAM of graphene electrons, OAM 
of Dirac fermions, and total angular momentum of the latter demonstrates their different roles in graphene’s 
magnetism. Applicability and relation to experiments of the results are discussed. 
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1. Introduction 
 
The magnetism of graphene is rather intriguing. It is believed that carrier-undoped graphene has a very 
large diamagnetic susceptibility and the susceptibility decreases rapidly with the increasing carrier-doping 
of either electrons or holes [1-3]. Theoretically, the susceptibility was derived according to 
quasi-continuous Landau levels (LLs) of graphene in a weak magnetic field, and the thermal potential 
energy constructed from LLs plays the central role [3,4]. This anomalous susceptibility is interesting and 
attempts have been made to interpret its origin [3]. 
    In addition, many factors have been found to contribute to graphene’s magnetism, such as vacancies 
[5-8], substituting atoms [8], absorbed atoms [8-10], edge structures and edge states [11-13], finite size of 
graphene [14,15], electron-electron interaction [2], substrates [16], and strain [17]. Magnetism-related 
properties of gapped graphene were also studied [18,19]. Although diamagnetism was observed in 
experiments, the magnetization was measured for graphene crystallites with nanometer size [20]. For a new 
material, the elimination of uncontrollable disturbances is necessary for both applications and the revelation 
of underlying physics, and graphene is expected to be made more and more perfect. Theoretically, wave 
functions of graphene electrons in a perpendicular magnetic field are obtainable [21,22]. Along with LLs, 
these wave functions may provide more insight into graphene’s magnetic properties. 
In this work, orbital angular momentum (OAM) of graphene electrons in a perpendicular magnetic 
field is calculated according to the electronic wave functions. The corresponding orbital magnetic moment 
(OMM) is found paramagnetic for negative LLs and diamagnetic for positive LLs. As a result, 
carrier-undoped graphene could be paramagnetic and the magnetization decreases with the increasing 
carrier-doping of either electrons or holes. For a fixed magnetic field, the magnetization variation with the 
carrier-doping is obtained as a function of temperature and Fermi energy. It presents plateaus similar to 
those in quantum Hall effect as Fermi energy varies in a large magnetic field. As the magnetic field varies, 
the magnetization demonstrates de Haas-van Alphen oscillation. A parallel electric field can change the 
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electronic states and regulate graphene’s magnetism. The derivation of OAM of graphene electrons 
manifests that their OMM originates from their atomic-scale motion in graphene lattice. The vector 
hopping interaction of carbon atomic orbitals constitutes building element of the OAM. Its honeycomb-like 
distribution in graphene lattice and its magnitude result in the unique form of the OAM operator, and its 
modulation by the two-component electronic wave function generates the OAM for a specific state. The 
OAM of a graphene electron is different from that of the Dirac fermion, although they are described by the 
same two-component wave function. The superposition of degenerate states may result in diversity of 
graphene’s magnetization. This superposition, the deep states with energies far below the zero, and the 
small size of graphene crystallites may be the origin of experimentally observed diamagnetism. 
 
2. Orbital angular momentum, orbital magnetic moment, and magnetization variation 
 
The graphene is taken as xy -plane with x -axis parallel to one set of C-C bonds. Unit vectors of the 
axes are denoted by xG , yG , and zG . A three-dimensional vector is denoted by r xx yy zz= + +G G G G  and its 
two-dimensional projection in the graphene plane with 0z =  by xx yyρ = +G G G . Two kinds of Dirac 
points 0(2 / 3 3 )( 3 )Fk a x yπ τ= +
G G G
 are distinguished by 1±=τ , with 0a  the C-C bond length. A 
graphene electron is described by a two-component wave function 1 2( )
Tψ ψΨ =  which, in an 
orthogonal electromagnetic field with scalar potential ( )ϕ ρG  and vector potential ( )A ρG G , is determined 
by the Dirac-like Hamiltonian 
2 2
ˆ ( )FH v i eA e Iσ ϕ= ⋅ − ∇ + −
GG = ,                                                       (1) 
where 6 -110 msFv ≈  is the Fermi velocity, 2 / /x x y y∇ = ∂ ∂ + ∂ ∂G G , 2I  is the 2 2×  unit matrix, and 
x yx yσ σ τσ= +G G G  with ,x yσ  the first two Pauli matrixes. Because of this Hˆ , Ψ  is regarded as 
describing a virtual massless Dirac fermion. 
For a graphene electron described by Ψ , its velocity operator and OAM operator with respect to a 
point 0ρG  are [23] 
ˆ
Fv v σ= GG , 0ˆ ˆ( )e el m vρ ρ= − ×
G G G G
,                                                        (2) 
with em  the mass of an electron. Electronic states are usually not eigen-states of 
ˆ
el
G
. However, for a 
localized and normalized state Ψ , the expectation value 2ˆe el l d ρ+∞= Ψ Ψ∫G G G  plays the real role, like the 
expectation value of vˆG  in graphene’s quantum Hall effect [24]. For a graphene electron, the usual relation 
between the OMM and the OAM still holds. In fact, the state Ψ  has the current density ˆj v+= Ψ ΨG G  
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[2,23]. Therefore the OMM is [25] 
2
0
1 ( ) ( )
2 2 ee
eej d l
m
µ ρ ρ ρ
∞
= − × − = −∫ GGG G GG .                                                (3) 
    Graphene’s electronic states can be calculated for 1τ = +  only, since OAM is the same for 1τ = ± . 
Suppose 
BL eB
= = , B Fv eBε = =                                                            (4) 
respectively denote magnetic length and energy quantum. One chooses an arbitrary point 0 0( , )x y . By 
adopting symmetric potential gauge 0 0( / 2)[ ( ) ( ) ]A B y y x x x y= − − + −
G G G
, 0ϕ =  and using polar 
coordinates 0 cosx x ρ θ= + , 0 siny y ρ θ= +  one has the eigen-energies (LLs) and eigen-states of 
Hˆ  
2 Bnε ε= ± ,                                                                        (5) 
2 2
2 2
/4( 1) | | 1
1
2 2 2 2
/4 | | 2 2
2
2
[ ( ,| |, / 2 ) ( | |) ( 1,| |, / 2 )]
( ,| |, / 2 )
B
B
Li m m
B
B B
Lim m
B
CL e e
n
nL n m L n m L n m L
iCe e L n m L
ρθ
ρ ρ ρ
ρθ
ρ
ψ ρ
ρ ρ
ψ ρ ρ
−− −
−
 = ± × − + − =
,                        (6) 
where 0,1,2,nρ = " , 0, 1, 2,m = ± ± " ,  (| | ) / 2 0,1,2,n n m mρ= + + = " , 
1
0
( , , ) ( )![ !( )!( )!] ( )n k
k
L n m x n m k n k m k x−== + − + −∑  is a generalized Laguerre polynomial with 
( 1, , ) 0L m x− = , and the normalization constant | | 1 | | 22 !/ ( | |)!m mBC L n n mρ ρπ− − − −= + . States (6) with 
0m ≥  were presented in Ref. 22. 
    An LL (5) is degenerate since it is independent of m  and 0 0( , )x y . As a result real electronic states 
could be superposition of states (6) with the same n . A possible case can be obtained according to 
graphene’s electronic distribution. Electronic density of each state (6) 2 21 2| | | |ψ ψ+  roughly occupies a 
circular area with radius 2 BL  and center 0 0( , )x y . For a finite (large) graphene with an area S , with 
spin degeneracy and valley degeneracy not included the number of states N  for each LL with a fixed n  
is that of the magnetic-flux quantum /h e  which has the area 2/ 2 Bh eB Lπ=  [26], that is, 
 4
22 B
SN
Lπ= .                                                                         (7) 
Since 22 BLπ  is also the area of a state (6), it is supposed that each real state is the superposition of states 
(6) with the same n  and 0 0( , )x y  but different m . For each LL the N  centers of states are regarded 
as uniformly dispersed in the graphene plane so that the circular areas all together fully cover the plane. 
This distribution lowers the energy of Coulomb interaction between electrons. 
The expectation values of the OAM operator and corresponding OMM for a state (6) are calculated 
out to be 
2e e F Bl nm v L z= ±
G G
, 
2 F B
nev L zµ =G G∓ .                                                (8) 
Results for the superposed states are also (8), as long as n  and 0 0( , )x y  are fixed. Therefore states (6) 
with 0ε <  have paramagnetic moment and those with 0ε >  have diamagnetic one. The OMM (8) is 
much larger than Bohr magneton / 2B ee mµ = = , as is found in carbon nanotubes [27]. For instance, for 
1n =  and 10 TB = , one has 50el ≈ =  and 50 Bµ µ≈ . Graphene’s magnetism is thus mainly 
determined by its electrons’ OMM. As a result, carrier-undoped graphene could have large 
para-magnetization, since at temperature 0 KT =  and for Fermi energy 0Fε = , states (6) with 0ε <  
are occupied and those with 0ε >  are empty. Nevertheless, graphene’s magnetization cannot be 
calculated by summing the OMM in Eq. (8), because LLs (5) and wave-functions (6) may not well 
represent deep states whose energy is far below zero. Instead one can calculate the magnetization variation 
with carrier-doping. Graphene’s magnetization variation can be explains as follows: When the graphene is 
increasingly doped with electrons, more and more states with 0ε >  are occupied, and this brings about 
more and more electrons with diamagnetic moment; when the graphene is increasingly doped with holes, 
more and more states with 0ε <  are empty, and this brings about less and less electrons with 
paramagnetic moment. In both cases, the magnetization is decreased with the increasing carrier-doping. 
Suppose the magnetization for 0 KT =  and 0Fε =  is 0M zG  and that for 0 KT >  and 
0Fε ≠  is MzG . With spin degeneracy and valley degeneracy included, both the occupied n th LL (doped 
with electrons) and the empty n− th LL (doped with holes) contribute to the magnetization by the 
dia-magnetization 4 / 2 / ( 2 / )F B F BN n v eL z S nv e L zπ− = −G G . The magnetization variation 
0( )Mz M M z∆ = −G G  can be calculated by 
1
2 1 ( 2 ) ( 2 )F B B
nB
evM n f n f n
L
ε επ
+∞
=
 ∆ = − − − + ∑ ,                                     (9) 
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where ( ) 1 / {1 exp[( ) / ]}F Bf k Tε ε ε= + −  is the Fermi-Dirac distribution function with Bk  the 
Boltzmann constant. Usually the carrier-doping involves only LLs with small n , and terms in Eq. (9) with 
very large n  actually do not contribute to the result. 
    In general the FM ε∆ ∼  curve for fixed B  and T  resembles a parabola. For ,B F Bk Tε << , by 
calculating Eq. (9) as an integral one obtains 
3 2
2
2 [3 (3)( ) 2ln 2 ]B B F
B
eM k T k T
h
ζ εε∆ = − + × ,                                           (10) 
with 3
1
(3) 1.202
k
kζ +∞ −== ≈∑ , indicating 3| |M T∆ ∝  for 0Fε = . For a large magnetic field, the 
FM ε∆ ∼  curve presents plateaus like those in quantum Hall effect [28]. Suppose LLs up to n  are filled 
with electrons or LLs above from n−  are filled with holes. In both cases the corresponding M∆  
plateau is 
1
2
n
F
kB
evM k
Lπ =∆ = − ∑ .                                                               (11) 
FM ε∆ ∼  curves are presented in Fig. 1. For fixed T  and Fε  the M B∆ ∼  curve demonstrates de 
Haas-van Alphen oscillation. M B∆ ∼  curves are presented in Fig. 2. 
One may also adopt non-symmetric potential gauge A Bxy=G G , 0ϕ =  and obtains the same LLs (5) 
and another set of eigen-states of Hˆ  [21] 
2 /21 1
2
2 ( )
( )
yik yn
n
nH e
iH
ξψ ξ
ψ ξ
− +−  ±=     
,                                                    (12) 
where  0,1,2,n = " , yk  is the wave vector, 1 2( )B B yL x L kξ −= + , and 
2 2
( ) ( 1) /n n nnH e d e d
ξ ξξ ξ−= −  is the n th-order Hermite polynomial with 1( ) 0H ξ− = . States (12) are 
extended in y -direction. In general, localized wave-packet states are formed from degenerate states with 
the same n  and similar yk . The OAM can be calculated from a wave-packet’s central state Ψ  by 
0 0
0 0
0 0
0 0
ˆ
lim
y b x a
ey b x a
e y b x aa
b
y b x a
dy l dx
l
dy dx
+ + +
− −
+ +→+∞ +→+∞ − −
Ψ Ψ
=
Ψ Ψ
∫ ∫
∫ ∫
G
G
,                                                      (13) 
where 0 0( , )x y  is the wave-packet center. One obtains 
2e e F B
nl m v L z= ±G G , 
8 F B
nev L zµ =G G∓ .                                                (14) 
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The result is the same for the potential gauge A Byx= −G G , 0ϕ = . Both OAM and OMM of states (12) are 
different from those of states (6) by a factor and this is the result of the LL degeneracy, which will be 
further discussed in Section 4. 
    The degeneracy of LLs can be eliminated by applying a small parallel electric field E
G
. By using 
rotated coordinates cos sinx x yα α′ = + , sin cosy x yα α′ = − +  with α  the angle between EG , 
xG  and adopting potential gauge A Bx y′ ′=G G , Exϕ ′= − , one has the eigen-energies and eigen-states of 
Hˆ  [26,29] 
2 3/4(1 ) 2 B F yn v kε β ε β= ± − − = ,                                                    (15) 
2
2
/211
22 1
[ ( 1 1) 2 ( ) ( )]
[ 2 ( ) ( 1 1) ( )]
y
i
ik yn n
n n
e nH H
e
i nH H
α
ηβ η β ηψ
ψ β η β η
−
′− +−
−
 ± − + − =    + − + ∓
,                          (16) 
where 0,1,2,n = " , / 1FE v Bβ = < , and 2 1/4 1 2 2 1/4(1 ) [ (1 ) 2 ]B B y BL x L k n Lη β β β− −′= − + ± − . 
States (16) are non-degenerate and are the only possible states of graphene electrons in the electromagnetic 
field. The OAM and OMM of wave packets of states (16) are calculated out to be 
2
2
2 1
e F B
e
nm v Ll zβ= ± −
G G
, 
2
2
4 1
F Bnev L zµ β= −
G G∓ .                                             (17) 
For the n th LL of a finite graphene with dimensions xL , yL  respectively in x - and y -directions, yk  
is determined by [24] 
2 y
y
y
n
k
L
π= , 2 2 1/4 2 2 1/4
2 2
4 2 (1 ) 4 2 (1 )
x y y x y y
y
B B B B
L L nL L L nL
n
L L L L
β β
π π β π π β− ≤ ≤− −∓ ∓ ,                  (18) 
with yn  an integer. The magnetization variation is 
2
, , 0 , , 0
2 [1 ( )] 2 ( )
1 y y
F B
n n n nx y
ev LM n f n f
L L ε ε
ε εβ < >
  ∆ = − − + −   ∑ ∑ ,                         (19) 
where 0,1,2,n = " , yn  is given by Eq. (18) and ε  by Eq. (15). The regulation of graphene’s 
magnetization variation by an electric field is presented in Fig. 3 and the effect is similar to that of 
temperature. 
 
3. Origin of the orbital angular momentum and Dirac fermions 
 
Different from graphene electrons, the Dirac fermions have the OAM operator [23, 30] 
0 2 2
ˆ ( ) ( )Dl I i eAρ ρ= − × − ∇ +
G GG G = .                                                      (20) 
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States (6), (12), and (16) are not eigen-states of ˆDl
G
 either, and their expectation values are respectively 
calculated out to be 
2Dl n z=
G G= , Dl n z=
G G= , 2 1/42
2
2(1 )1
y B
D
n k Lnl z
β
ββ
 = − −−  
G == G
.                                (21) 
These values are much smaller than those of el
G
. In terms of OAM, a graphene electron is different from 
the Dirac fermion, although they are described by the same wave function Ψ . The difference originates 
from graphene’s crystal structure which is absent for the Dirac fermion. Originally, a graphene electron is 
described by the full wave function 1 2( , ) ( , ) ( ) ( , ) ( )A Br t t r t rψ ψ ρ ψ ψ ρ ψ= +G GG G G , where 
,/12
, ,or
( )F A Bik riA B A BA Be e r
πψ φ⋅±= Ω ∑ G G G  are Bloch functions at FkG  respectively for type- A  and 
type- B  atoms, with Ω  the area of a unit cell and ,A Bφ  carbon 2 zp  orbitals at ,A BrG . The electron’s 
OAM operator which acts on ψ  is the standard one 0ˆ ( ) ( )l r i eAρ= − × − ∇ +
G GGG =  with 
2 /z z∇ = ∇ + ∂ ∂G . Suppose ( , )g tρG  is a function that varies gently at atomic scale. Due to graphene’s 
lattice structure, ,A Bψ  have the following properties (each equation represents two formulas respectively 
for the two subscripts) [23]: 3 2, ,( , ) ( , )A B A Bg t d r g t dρ ψ ψ ρ ρ∗∞ ∞=∫ ∫G G GG , 3, ,( , ) 0A B B Ag t d rρ ψ ψ∗∞ =∫ G G , 
3
, ,( , ) 0A B A Bg t d rρ ψ ψ∗∞ ∇ =∫ G G , and 3 2, ,( , ) ( ) ( ) ( , )A B B A e Fg t i d r m v x iy g t dρ ψ ψ τ ρ ρ∗∞ ∞− ∇ =∫ ∫G G GG G G= ∓ . By 
applying these properties to the expectation value 3ˆl l d rψ ψ∗∞= ∫G G G  one has 
2 2ˆ ˆ
e Dl l d l dρ ρ+ +∞ ∞= Ψ Ψ + Ψ Ψ∫ ∫G G GG G .                                                    (22) 
Because the second integral in Eq. (22) is small, one obtains Eq. (2). More specifically, the vector hopping 
interaction 3, ,A B B Ad rφ φ∞ ∇∫ G  between 2 zp  orbitals of two neighboring atoms is the building element of 
the OAM of graphene electrons. The three directions of 3, ,A B B Ad rφ φ∞ ∇∫ G  along three 2sp  hybridized 
carbon orbitals bring about the vector Pauli matrix σG  by 
, ,( ) 3 /6
, ,or
( )F B A A Bik iA B B A e FB Ai e d r m v e x iy
ρ ρ πφ φ τ⋅ − ±∞− ∇ =∑ ∫
G G G G G G= ∓  [23,31], and its intensity determines 
Fv  by 
3
, ,(3 / 2)e F A B B Am v d rφ φ∞= ∇∫ G=  [4]. An OAM is in fact the superposition of 
, ,( ) 3
, 0 , ,( ) F B A A B
ik
A B A B B Ae d r
ρ ρρ ρ φ φ⋅ − ∞− × ∇∫
G G GG G G
 for all atoms, with the superposition coefficients given by 
Ψ . Therefore the OAM reflects the electronic motion at the atomic scale within the scope of state Ψ . It 
is the internal structure of the wave packet, not its integral motion that determines the OMM. In fact, states 
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(6) have zero expectation value of the velocity operator and the wave packets are stationary, but their OAM 
is nonzero. Although wave packets of states (16) have the velocity Fv yβ ′− G  [24], their OMM is not 
generated by this velocity, rather it is the result of the electronic motion inside the wave packets. Finally, as 
normalized electronic states have the dimension of BL , OAM has the order of e F Bm v L . 
    Because the velocity operator of the Dirac fermion is the same as that of the graphene electron [23], 
the Dirac fermion’s OMM is also determined according to Eq. (3) by el
G
, not by Dl
G
. One may introduce 
the OMM operator for both graphene electrons and Dirac fermions 
0
ˆ ˆ( )
2
e vµ ρ ρ= − − ×G GG G ,                                                                (23) 
but its relation to ˆDl
G
 cannot be established. The significance of ˆDl
G
 is demonstrated as follows: According 
to Eq. (22), the more exact OAM operator of graphene electrons is 
ˆ ˆ ˆ
e e Dl l l′ = +
G G G
                                                                         (24) 
with ˆel
G
 its main part. If the OAM is approximated by ˆel
G
, then ˆDl
G
 can be regarded as a new spin of a 
graphene electron other than its true spin and pseudo-spin. States (6) are eigen-states of the 
total-angular-momentum operator of field-free Dirac fermions 
0 2 2
ˆ ( ) ( )
2D z
l i I zρ ρ σ′ = − × − ∇ +G G G = G=                                                     (25) 
with zσ  the third Pauli matrix, and corresponding eigen-values are ( 1/ 2)m z− G=  [22]. This reflects the 
isotropy of the graphene plane to Dirac fermions, since the graphene lattice is effective only for the 
electrons. The effect of the magnetic field is to realize eigen-states of the field-free operator ˆDl′
G
, not those 
of the operator ˆDl
G
 with the field, and graphene’s magnetism is determined by the expectation values of ˆel
G
, 
neither those of ˆDl
G
 nor those of ˆDl′
G
. 
 
4. Further discussion 
 
The difference between OMM (8) and OMM (14) demonstrates the effect of LL degeneracy. This 
may be related to some fundamental problems of quantum mechanics. Usually to eliminate degeneracy, 
additional mechanical quantities are introduced so that the states become the common eigen-states of a 
complete set of operators. The additional operators for graphene electrons in a magnetic field remain an 
interesting problem. It is noted that states (6) are also eigen-states of operator (25) and states (12) are not. 
Graphene’s real electronic states may also be determined by environmental conditions or by the 
establishing process of the magnetic field. These unsolved problems call for further experimental 
investigations. If stochastic conditions determine the real electronic states, randomness in magnetization 
will be observed. If definite magnetization is observed, systematic reasons exist in determining the 
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electronic states. In all cases, de Haas-van Alphen oscillation or plateaus in the magnetization variation are 
expected to be observed. Besides, magnetization becomes definite when an electric field is applied. As a 
result, the abrupt variation in graphene’s magnetization may be observed. 
    Graphene was observed to be diamagnetic experimentally [20] and its dia-susceptibility was derived 
theoretically according to the LLs [1,3,4]. From wave functions (6) or (12), however, different result may 
be obtained because according to OMM (8) or (14), undoped graphene’s occupied states with 0ε <  
contribute a paramagnetic moment. It is interesting to compare this with the diamagnetism of 
two-dimensional free electrons (2DFEs). 2DFEs in a perpendicular magnetic field have eigen-energies 
1( 1 / 2) en eBm
−+ =   with  0,1,2,n = "  and eigen-states 2 2/4 | | 2 22 ( ,| |, / 2 )BLim m BCe e L n m Lρθ ρρ ρ− , 
and their OAM and OMM are (2 1)n z+ G=  and 1( 1/ 2) en em z−− + G=  respectively. All the eigen-energies 
are positive and the eigen-states contribute a diamagnetic moment, which is in accordance with the 
diamagnetism of free-electron gas. For undoped graphene, it is unknown whether it is the superposition of 
states (6) or (12) that results in the observed diamagnetism, or the diamagnetism should be attributed to the 
deep states that cannot be presented by Eq. (6) or (12). Besides, the single-electron states could be modified 
if more exact electron-electron interaction is considered. On the other hand, results in this work are valid 
for perfect infinite graphene, since the electronic states depend on the translational symmetry of graphene 
lattice. They may be approximately correct for a finite graphene with a dimension much greater than BL , 
where the boundary conditions can only affect a few electronic states. For a finite graphene with a 
dimension comparable to BL , the broken translational symmetry of graphene lattice plays an important 
role and the electronic states are no longer given by Eqs, (6), (12), and (16). The weaker the magnetic field, 
the more evident the size effect is, since 1/2BL B
−∝ . As a result, the finite size of graphene may also play 
a role in the experimentally observed diamagnetism. In fact, even the experiments of graphite were carried 
out for crystallites, from the early graphite powder [32] to later highly oriented pyrolytic graphite (HOPG) 
[33,34]. Efforts were mainly focused on the orientation of the crystallites. 
 
5. Conclusion 
 
    In conclusion, electronic wave functions of graphene in a magnetic field may provide more diverse 
results about its magnetism than LLs. Along with further experimental investigations, these results may 
provide new insight into graphene’s electronic structure and the effect of electron-electron interaction. 
Results of this work may also help to understand the magnetism of perfect graphite. 
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Fig. 1. Graphene’s magnetization variation as a function of Fermi energy for different magnetic field and at 
different temperature, calculated according to Eq. (9). 
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Fig. 2. Graphene’s magnetization variation as a function of magnetic field for different Fermi energy and at 
different temperature, calculated according to Eq. (9). 
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Fig. 3. Graphene’s magnetization variation as a function of Fermi energy in different electric field and at 
different temperature, calculated according to Eq. (19). 
